The role of epigenetic processes in the control of gene expression has been known for a number of years. DNA methylation at cytosine residues is of particular interest for epigenetic studies as it has been demonstrated to be both a long lasting and a dynamic regulator of gene expression. Efforts to examine epigenetic changes in health and disease have been hindered by the lack of high-throughput, quantitatively accurate methods. With the advent and popularization of next-generation sequencing (NGS) technologies, these tools are now being applied to epigenomics in addition to existing genomic and transcriptomic methodologies. For epigenetic investigations of cytosine methylation where regions of interest, such as specific gene promoters or CpG islands, have been identified and there is a need to examine significant numbers of samples with high quantitative accuracy, we have developed a method called Bisulfite Amplicon Sequencing (BSAS). This method combines bisulfite conversion with targeted amplification of regions of interest, transposome-mediated library construction and benchtop NGS. BSAS offers a rapid and efficient method for analysis of up to 10 kb of targeted regions in up to 96 samples at a time that can be performed by most research groups with basic molecular biology skills. The results provide absolute quantitation of cytosine methylation with base specificity. BSAS can be applied to any genomic region from any DNA source. This method is useful for hypothesis testing studies of target regions of interest as well as confirmation of regions identified in genome-wide methylation analyses such as whole genome bisulfite sequencing, reduced representation bisulfite sequencing, and methylated DNA immunoprecipitation sequencing.
Introduction
It has been over a half-century since the first report of naturally occurring DNA modifications in the form of cytosine methylation 1 . Cytosine methylation is a modified cytosine nucleotide base where the 5 th carbon on the base ring has a methyl group (5-mC), most frequently occurring in the CpG dinucleotide motif in mammalian genomes. The functional presence of 5-mC in gene promoters is generally associated with transcriptional repression, while the absence is associated with transcriptional activity 2 .
Tremendous advances have been made in our understanding of the role of DNA methylation in development 3 , transgeneration propagation of epigenetic profiles 4 , cancer pathogenesis 5, 6 , and a number of other research areas. Many of these advances have come in the last few years as new methodologies have been developed to profile DNA methylation 7 . With the advent and popularization of next-generation sequencing (NGS) techniques there are now a number of methods to profile DNA methylation across a whole genome or large regions of a genome 8 . These approaches open the possibility of discovery studies that quantify DNA methylation patterns and differences in DNA methylation. In addition to these hypothesis-generating approaches, there is a significant need for targeted/hypothesis testing DNA methylation quantitation methods.
Pyrosequencing, methylation specific PCR, and direct Sanger sequencing of bisulfite converted DNA have been the most used methods for analysis of targeted regions (i.e., a promoter region of a single gene or a CpG island) [9] [10] [11] [12] . All of these methods rely on bisulfite conversion, a chemical deamination reaction where unmethylated cytosine's are converted into uracil's, while methylated cytosine's remain intact 13, 14 . PCR amplification of bisulfite-converted DNA results in replacement of uracil's with thymine 15 allowing the differential methylation to read out as a base difference. While highly useful, the limitations to these methods include low quantitative accuracy, short read length, and low sample throughput.
To address these limitations we developed a method we have termed Bisulfite Amplicon Sequencing (BSAS)
Nucleic Acid Isolation from Tissue
NOTE: Co-isolation of DNA and RNA from the same tissue sample offers the opportunity to collect DNA for epigenetic analysis and paired RNA for gene expression analysis. The example given here is a form of column purification from experimental tissue but alternative approaches for different sample types or other isolation methods can be employed. The primary requirement is for highly purified nucleic acid without contaminating protein or organic solvents.
1. Select a piece of fresh-frozen or fresh tissue for mechanical homogenization and place on ice. Store or transfer tissue to a 2.0 ml roundbottom microcentrifuge tube. 2. Add one 5 mm stainless steel bead to each tube containing tissue. Add an appropriate amount of lysis buffer, based on manufacturer's suggestions of cell number or tissue weight. 3. Homogenize the tissue using a bead mill mechanical homogenization at 30 Hz for 30 sec.
NOTE: The frequency and duration of mechanical homogenization is dependent on the tissue type. Softer tissues will completely homogenize using the recommended settings, while tougher tissues require setting optimization. 4. Carry out the DNA and RNA isolation using silica spin columns at room temperature following manufacturer's protocol.
1. Elute RNA in 50 µl of RNase-free water and place on ice. Use RNA for mRNA expression analysis by qPCR. 2. Elute DNA in 100 µl of TE buffer. Repeat elution off DNA column using the eluent to increase DNA concentration and yield. Use DNA for targeted methylation quantitation.
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. Assess the quality of DNA and RNA using a standard spectrophotometer for absorbance at 230 nm, 260 nm, 280 nm, and 320 nm. NOTE: A260/A280 ratio should be ~1.8-2 for high quality DNA. A260/A280 ratio should be ~2 for high quality RNA. The presence of excess absorbance at 230 nm indicates contaminants from the isolation procedure. 6. Quality check the RNA further by using a capillary electrophoresis chip according to manufacturer's instructions.
NOTE: High quality RNA will have a RNA integrity number (RIN) >8. The presence of extra peaks in the electropherogram besides rRNA peaks indicate sample contamination. 7. Quantify DNA and RNA by fluorescent assay according to manufacturer's protocol.
NOTE: Using a fluorometric assay is more sensitive and specific for quantifying nucleic acids than spectrophotometry alone. 8. Store isolated DNA and RNA at -80 °C.
Target Identification and Primer Design
1. Determine the genomic region(s) of interest to be analyzed by BSAS based on the appropriate reference genome sequence. Gene promoters of differentially expressed genes are common targets of methylation quantitation. 2. Prepare an in silico bisulfite-converted reference genome for later alignment of sequencing reads by altering the .fasta sequence file in a text editor. In the 5'-3' orientation, replace non-CpG cytosine's with thymine's (Figure 2 ). 3. Design primer sets to amplify regions of interest from bisulfite converted DNA.
1. Select and copy the unconverted region of interest, in the 5'-3' orientation, into a bisulfite-specific PCR primer design program ( Figure  3) . NOTE: An optimal bisulfite-PCR amplicon length is 250-400 bp per amplicon as bisulfite treatment fragments DNA and it is difficult to amplify large >400 bp regions. If, for example, a region of 1 kb is of interest, multiple primer pairs can be designed to cover this region. Design amplicons to be of equal bp size for easy pooling. Avoid amplicon lengths <250 bp because these may be of insufficient length for library generation. An optimal primer length for BSAS is > 20 bp per primer. 2. Select a T m range of 55-65 °C and a max T m difference between forward and reverse primers of 1-2 °C. 3. Select primer pairs that best cover the region of interest. Do not select primers that contain CpG sites or are directly adjacent to CpG sites, as this will cause bias in the PCR reactions. Use standard PCR primers that can be ordered from any number of academic or commercial providers. 4. Reconstitute lyophilized primers in RNase/DNase free water at a working stock of 100 µM.
4. Store PCR primers at -20 °C. Dilute 100 µM primer stock to 10 µM working stock for PCR reactions.
Bisulfite Specific PCR Optimization
NOTE: For bisulfite conversion of genomic DNA, a number of different commercial kits for bisulfite conversion are available. Select the kit or protocol that best suits the planned experiment. 
NGS Library Preparation and Library QC
NOTE: BSAS NGS library preparation uses a simplified transposome-mediated protocol with dual-indexing (See Materials List for details on library preparation kit selection). This method provides an extremely rapid and high-throughput route for library construction that has been validated and shows little to no bias in bisulfite sequencing applications 16, 19 . Dual-indexing allows for a higher multiplexing of samples than single indexing. Other library preparation styles may be possible but have not been tested. , plant genomes contain a significant amount. In order to determine bisulfite conversion efficiency in these reference genomes, a suitable route is to sequence a portion of the mitochondrial genome or chloroplast genome or known unmethylated genes present in plant genomes 21 and calculating conversion efficiency as described above. Bisulfite conversion efficiency should be ≥98% in most cases, with the unconverted C's potentially arising from non CpG methylation.
Representative Results
BSAS reads properly aligned to converted reference sequence will resemble Figure 5 . CpG dinucleotides can clearly be identified and methylation states can be estimated by observing base calls at CpG sites in the mapped reads. For example, with methylation controls, 0% methylation will result in all the reads mapped to CpG sites containing T's ( Figure 5A ). 100% methylation controls will result in all the reads mapped reads to CpG sites containing C's ( Figure 5B ).
Quantitation of cytosine frequency (C/C+T) at CpG sites yields the methylation frequency in the original sample. A representative standard curve generated from whole genome methylation controls (n = 3/methylation ratio) shows linearity of methylation quantitation as well as precision in quantitation at each methylation ratio ( Figure 6) . As an example of this method in total, RNA and DNA were co-isolated from mouse cerebellum and retina (n=4/group). Rhodopsin expression, selectively expressed in retinal tissue, was measured using qPCR. Expression was only detected in retina ( Figure 7A ). Using BSAS, CpG methylation levels were quantified in the rhodopsin promoter region. Cumulative methylation levels across the promoter region were >80% in the cerebellum compared to <15% in the retina (p < 0.001, parametric t-test) ( Figure 7B) . BSAS methylation quantitation benefits from site-specific methylation quantitation, and methylation levels can be compared on a CpG-specific basis across any given genomic region. CpG methylation levels across the rhodopsin promoter were significantly higher in cerebellar samples when compared to retina samples (p <0.001, parametric t-test at each CpG site) ( Figure 7C ).
Figure 1: Schematic of BSAS method.
In this method, genomic DNA is bisulfite converted to modify unmethylation cytosines to uracils. Subsequently, during PCR these uracils are changed to thymines. PCR amplification is directed against regions of interest and highly enriches for just these sequences. The resulting PCR amplicons are made into dual-indexed libraries through a simple tagmentation process. Subsequently the libraries are sequenced on a benchtop next generation sequencer and the sequencing reads are mapped to the in silico converted reference sequence and percent methylation of cytosine's is determined in a base-specific manner. 
Discussion
BSAS allows for focused, accurate DNA methylation quantitation with high throughput capabilities in both number of samples and number of targets. Additionally, this library generation using transposome-mediated tagmentation requires less input DNA, is quicker and contains fewer steps than traditional shearing and subsequent adapter ligation techniques. These improvements over existing methods allow for precise base-level DNA methylation analysis of any target of interest. Moreover, BSAS provides a new method for confirmation of regions of interest (differentially methylation regions (DMRs), CpG islands, regulatory regions) that have been identified using whole genome bisulfite 22 or capture 23 approaches. Using orthogonal confirmation approaches and more quantitatively precise methods improves the analytical rigor of epigenomic studies. The high read depth achieved with BSAS allows for accurate quantitation in a narrow confidence interval, resulting in precise quantitation 16 . Additionally, the ability to run many samples in a single experiment can increase the sample size for confirmations of whole genome methods, which will increase the statistical power; a weakness of many current epigenetic studies. Importantly, BSAS provides a base-specific CpG methylation quantitation, which allows for the generation of testable hypotheses for epigenetic research. Hypotheses such as increased methylation at a specific response element will result in decreased binding of a specific transcription factor. BSAS, combined with paired mRNA expression data, provides a method for obtaining both epigenetic regulation and mRNA expression within a single piece of tissue or cell population. Paired measurements of regulation and expression also increase the scientific rigor and impact of the findings.
Critical steps within the BSAS protocol include primer design, amplicon optimization, and library generation/QC. PCR bias is introduced if primers are not designed properly and amplify at different efficiencies 8 . The use of methylation standards, such as enzymatically generated 100% and 0% cytosine methylated standards, can be used to determine the degree, if any, of methylation quantitation bias, and is a proper methodological control when quantifying methylation 16 . Similarly, care should be taken when optimizing PCR reactions for generating a single high-quality amplicon. If no amplicon is present using the suggested guidelines detailed in the protocol, optimization steps include increasing PCR cycle numbers or bsDNA input amount. If there are multiple PCR products, including primer-dimers, optimization steps include decreasing bsDNA input amount, decreasing the PCR primer molar input concentrations, increasing annealing temperatures, or decreasing PCR cycle number. One or a combination of these optimization procedures yields sufficient results to generate a single high-quality amplicon. Alternatively, redesigning primers is a good approach for primer sets that do not yield a single amplicon. For those regions where redesign is not suitable or possible, degenerate primer sets including both cytosine's and thymine's at CpG sites in forward primers and adenine's and guanine's at CpG sites in reverse primers may work. However, these primer sets need further optimization to ensure no PCR bias is occurring, a process outside the scope of this protocol. Quality libraries are extremely important for success. Ensure that QC measures are carried out to determine size, quality and quantity of libraries before sequencing. Sequencing reactions are prone to failure with input of low-quality libraries. Bias in methylation quantitation can be mitigated by ensuring that methylation frequencies are present in both forward and reverse sequencing reads. Additionally, quality scores of bases aligning to CpG sites should be ≥Q30 for high confidence in quantitation. While others have shown previously little to no bias in tagmentation reactions of bisulfite converted DNA 19 , ensuring the metrics described above allows for confirmation of low bias methylation quantitation.
BSAS currently measures methylation at CpG sites, however, future expansions of this method will allow paired measurements of CpG 5-hmC with the addition of experimental steps distinguishing between 5-mC and 5-hmC such as introducing potassium perruthenate before bisulfite conversion 24 . This will increase the impact of BSAS utility by allowing for paired methylation, both 5-mC and 5-hmC, and expression data in order to determine gene expression regulatory roles of DNA methylation. Transposome-mediated library preparation of PCR amplicons does result in decreased sequencing depth at the ends of amplified regions. Therefore, regions of high interest should be designed to reside in the middle of amplicons. However, because BSAS generates sequencing read depths of >1,000 X, the quantitative accuracy of 5-mC measurements near the ends of amplified regions remains high.
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